This paper characterizes the first protein to be discovered in a meteorite. Amino acid polymers previously observed in Acfer 086 and Allende meteorites [1, 2] have been further characterized in Acfer 086 via high precision MALDI mass spectrometry to reveal a principal unified structure of molecular weight 2320 Daltons that involves chains of glycine and hydroxy-glycine residues terminated by iron atoms, with additional oxygen and lithium atoms. Signal-to-noise ratios up to 135 have allowed the quantification of iron and lithium in the various MALDI fragments via the isotope satellites due to their respective minority isotopic masses 54 Fe and 6 Li. Analysis of the complete spectrum of isotopes associated with each molecular fragment shows 2 H enhancements above terrestrial averaging 25,700 parts per thousand (sigma = 3,500, n=15), confirming extra-terrestrial origin and hence the existence of this molecule within the asteroid parent body of the CV3 meteorite class. The molecule is tipped by an iron-oxygen-iron grouping that in other terrestrial contexts has been proposed to be capable of absorbing photons and splitting water into hydroxyl and hydrogen moieties.
INTRODUCTION
Although individual amino acids have been found in abundance in carbonaceous meteorites there have been only two reports of polymers of amino acids, the first being of di-glycine [3] , and the more recent report [1] being of large polymers of mainly glycine in the CV3 class carbonaceous chondrite Allende. In follow-on work to [1] a 4641Da molecular entity was discovered in Allende and Acfer 086 [2] with extra-terrestrial isotope enhancement that confirmed that these unexpected molecules were not artifacts due to terrestrial contamination. In the present study a state-of-the-art mass spectrometer [4] generated much-improved signal-to-noise ratios that allowed us to discover via the 54 Fe isotope satellite that iron was also present and bonded to the glycine and hydroxy-glycine, in specific arrangements. Also, via its 6 Li satellite, lithium was found to be a standard component. Much of the present paper is devoted to the analysis via isotope satellites and the reconstruction of a few core molecular entities that give rise to all of the observed peaks in a mass spectrum. When the prior 4641Da observations are also taken into account, the most probable core molecule has a mass of 2320Da, containing two glycine strands each of length 16 residues, but variants with 15 and 17 residues also appear to be present. Following the presentation of methods, the smaller molecules with m/z < 1000, generated in intense laser conditions, are reviewed. Less severe conditions are then applied in order to go to masses as high as temperature the Folch extract phases were pipetted off as 50-100µl aliquots from the top downwards through the phases, each extract being labeled P1 through P4 in the above order of phases. In a second identical extraction experiment, only the above-interphase P2 was collected in view of its larger complement of the molecule in question. The residual phases P3 and P4 from this second experiment were re-established by addition of chloroform, methanol and water into a third experiment that was kept at room temperature for 7 more days (totaling 8). A flocculent precipitate appeared at the interphase and was pipetted off to become sample P2a. These aliquots were then analyzed by MALDI mass spectrometry. Sample Preparation for MALDI MS. The extracts were prepared with three MALDI matrices: α-cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid (SA) and 2,5-dihydroxybenzoic acid (DHB). The CHCA solution was prepared at 10 mg/mL in 50% acetonitrile, 0.1% TFA. The saturated SA solution was prepared in ethanol. The second SA solution for double layer preparation at 20 mg/mL was prepared in 50% acetonitrile, 0.1% TFA. The DHB solution at 45 mg/mL was prepared in 30% acetonitrile, 0.1% TFA. The extract aliquots were mixed 1:1 with the CHCA solution or the DHB solution and 1 µL of the mixture was spotted in duplicate on a new, never used MTP 384 Ground Steel MALDI plate. The double layer SA preparation was accomplished by spotting 0.5 µL of the saturated SA solution first followed by 1 µL of 1:1 mixture of extract and the second SA solution at 20 mg/mL on the same MALDI plate.
MALDI-TOF and MALDI-TOF/TOF measurements
All spectra were acquired on a Bruker rapifleX MALDI-TOF/TOF system [4] equipped with a scanning Smartbeam 3D laser operating at 10 kHz. The instrument was operated in reflector positive ion mode. The 10-bit digitizer was set to a sampling rate of 5.00 GS/s. The ion source voltage 1 (acceleration voltage) was set to 20.00 kV, the ion source voltage 2 (extraction voltage) was at 17.44 kV and lens voltage was at 11.60 kV. The pulsed ion extraction time was set to 160 ns. The reflector voltage 1 was at 20.82 kV, reflector voltage 2 at 1.085 kV and reflector voltage 3 at 8.60 kV. Four thousand laser shots were acquired per spectrum. The MS/MS spectra were acquired in TOF/TOF mode and 20000 laser shots were added per spectrum.
RESULTS

Small molecular fragments: finding the dominant constituents.
With the MALDI parameters optimized for fragmentation in the 1-1000 m/z range, a study was performed on phase P2, which already had been established as the phase carrying most of the molecules under study. The 1-1000 m/z range is cluttered with matrix clusters that are difficult to distinguish from real signals, although most matrix clusters can be predicted [6, 7] . Our samples had a relatively high content of alkali atoms (described in [2] ), which made clustering very severe, but rather than risk contamination by processing to remove alkalis we adopted a different stratagem. Instead of subtracting from a spectrum all the calculated clusters as in our prior analysis [1] , we ran the same sample separately with each of the matrices CHCA, SA and DHB, and only selected the peaks that appeared in all three spectra for analysis, guaranteeing the elimination from this list of essentially all clusters. All such peaks for sample P2 in the 1-1000 range, with peak counts more than 15 times greater than noise, are listed in Table 1 , together with their proposed composition in terms of only glycine and hydroxy-glycine amino acid residues, which have mono-isotopic residue masses 57.02146 and 73.01638 respectively. The matrix that yielded the largest peak count out of the three is listed. A large proportion of the peaks (16 out of 36) could be constructed from small polymers containing only these two residues provided that we included the possibility of three types of termination: a) the bare combination of residues; b) the combination of residues plus one proton; c) the combination of residues plus an "aqueous" termination 'OH' + 'H'. Other terminations that were close to a match are denoted by italics in the table, but these molecular species were not counted. By enumeration of the possibilities we determined that the probability of achieving a compositional match with any of these (type a, b or c) terminations by chance was 0.256, and found using the binomial distribution that the chance of our having obtained 16 or more matches with exactly the terminations (type a, b or c) out of 36 peaks was only 0.010. This confirmed the presence of these two amino acids, but did not exclude other possibilities. The average fragment length in this set was 4.5 residues. Lower temperature conditions within the MALDI plasma would allow larger molecular fragments to survive, as found in the following section. 
Spectra in the high m/z range 1 -5,000
Using less intense laser conditions and two matrices CHCA and SA, mass spectra were collected in the m/z range 1-5000 on phases P2 and P3. These four data sets were crosscorrelated and only the peaks that appeared in all four (20 in number) were included in a first list of candidate species that is reproduced in Table 2 . This selection approach ensured that the peaks were not matrix artifacts, i.e. polymers of matrix alone or complexes of matrix with the molecule under study, because the different matrix masses (189 for CHCA and 224 for SA) would give rise to different complexes, and these would not cross-correlate between the spectra. For continuity with our previous analyses [1, 2] we show in Table 2 the amino acid composition of glycine, hydroxy-glycine and alanine that we would have assigned if this had been the total of information available. The average residue count implied by this assignment was 23, a large increase above the previous average of 11 residues that we had observed [2] . It was remarkable that all 20 peaks could be immediately assigned in this manner, which reinforced the certainty that the prior molecular type was again being observed, this time at higher signal-to-noise ratio. The assignments of Table 2 , however, are now incorrect in light of the data to be presented below. A general mass spectrum from P2 is shown in Figure 1 . Using matrix CHCA no major peaks are seen above m/z 2124.885, which we shall refer to by its integer part as just "2124". Below this there are dominant peaks at 1866, 1639, 1567, and 1049. One of the lowest mass peaks with high intensity (not shown in Figure 1 ) is at m/z 730, shown in detail in Figure 2 . It was chosen in order to illustrate the isotope satellites in a simple low molecular weight species with only one iron atom. Iron can be shown to be present in the ion at m/z 730 by its (-2) and (-1) satellites that relate respectively to the (0) and (1) satellites in the abundance ratio 0.05845 : 0.91754 of iron isotopes 54 Fe and 56 Fe. There are in addition two less abundant stable iron isotopes with satellites on the high mass side, 57 Fe with abundance 0.0212 and 58 Fe at 0.0028, but these are not separately visible above the many other heavy isotope contributions at locations (1), (2), etc.
There is a characteristic (-2), (-1), (0), (1) pattern that is seen throughout the present study, with varying satellite amplitudes indicating the presence of from 1 to 4 iron atoms in a species. As an example of this the high intensity '1567' peak at S/N = 135 is shown in Figure  3 . The 1567 isotope fit shown in Figure 4 , with details in Table 3 , shows that it has 3 iron atoms. The calculation of an isotope pattern from a given trial composition is described in S1. The signal-to-noise level around a main peak has to be high enough to distinguish between different numbers of iron atoms. The 54/56 abundance ratio is 0.064 [8] , so a single iron atom gives a (-2)/(0) ratio of approximately 6.4% and the signal-to-noise ratio therefore has to exceed about 30 to distinguish between, say, one and two iron atoms, or three and four of them. 
The 1567 fragment
One of the highest intensity species present in the general spectrum ( Figure 1 ) is at m/z 1567, but this is not a primary molecule because it appears in the MS/MS breakdown spectra (discussed below) as part of each of the 1639 and 2124 species. In Figure 4 the 1567 data has been fitted using the composition {(20Gly, 2GlyOH, 3Fe) + 7'O' + H} that emerged from the analysis. Only two parameters were varied in order to match the experimental satellite spectrum: a) the number of Fe atoms, and b) the hydrogen isotope excess above terrestrial (method in S1). With terrestrial 2 H content the spectrum would have been very different at the (1), (2), (3) etc. levels, as illustrated alongside the fitted spectrum in the dotted trace of Figure 4 . The level of 2 H enhancement above terrestrial to fit the 1567 spectrum was 27,500%0 ± 2,500%0 (where the %0 symbol represents parts per thousand above terrestrial). The fit was performed with a simultaneous 15 N preset enhancement of 1,015%0 that had been measured by a different method [9] . The modeled structure was derived from two directions: a) the fragments that 1567 breaks into under MS/MS, and b) analysis of the species that contain 1567 in their own MS/MS products, specifically compounds at m/z 1639 and m/z 2124. The relationship between these species is mapped in S4. Table 3 .
The 2069 species and others with lithium.
In addition to the analysis of iron content mainly via the (-2) satellite peak, a measure of lithium content was obtained mainly from the amplitude of the (-1) satellite. This arises from the 6 Li : 7 Li abundance ratio of 0.0759 : 0.9241. In a previous analysis there had been evidence for the lithium mass of 7Da in the fitting of polymers to m/z observations [2] , but there had not been a strong technique to differentiate between the presence of the pair ( 16 O + 7 Li) and the presence of 23 Na. With higher signal-to-noise ratios the (-1) : (0) satellite ratio allows us to confirm definitely the presence of lithium and to differentiate between one and two lithium atoms at a spectrum signal-to-noise ratio of greater than about 30. The peak at m/z 2069 with S/N = 63 shows the presence of two lithium atoms upon isotope analysis. The data is shown in Figure 5 , and Figure 6 shows the fitted spectrum together with a simulated spectrum based on the expectation for the same structure if the isotopes had been terrestrial. The quality of the 2069 isotope fit in Table 4 is excellent, with the positive satellites matching data to better than 2%. The negative ones, being closer to noise, achieve a fit to better than 10% in amplitude. Other lithium-bearing structures are listed in S2 and their relationship to the primary structure at 2320 is mapped in S4. Table 4 . Achieving a unified structure via "MS/MS" and other analyses.
It is of the greatest interest to establish whether there is a single molecular specie giving rise to all of the observed peaks in these mass spectra. There could be one, two, ten or fifty structures in nature composed from glycine, iron, oxygen, lithium and hydrogen. However, time and again, a relatively simple and consistent mass spectrum is observed. The spectra are in part matrix-dependent because each matrix has different ionization properties and donates protons with different speeds that vary by orders of magnitude [10] . In the case of the present data we see partial fragmentation during the MALDI process of a very few preexisting molecular entities. The MS/MS measurements were a powerful tool in structural analysis that helped establishing similarities and differences in fragmentation patterns of different parent ions, as shown in S4.
In the present study we had sufficient signal level to perform an MS/MS analysis on signals at m/z 1567, 1639 and 2124. These were all accomplished with CHCA as the matrix owing to its more specific definition of an m/z peak than is achievable with SA. With the molecule under study the SA matrix had a more gentle action and did not strip a molecular fragment free of loose protons, etc. so thoroughly as did CHCA. In addition, the SA matrix readily complexed with the molecule under study, presenting difficulties of interpretation. In general, any candidate peak in the SA spectrum had to be tested for a "root" peak at m/z 223 less, owing to the prevalent complexing of (MSA-H) = 223 with the molecule under study. Peaks that showed this difference were rejected from consideration, being matrix artifacts.
The most productive 1567 MS/MS spectrum, obtained with CHCA, is displayed in S3, together with consistent structures for all of its fragments. Each fragment has to appear within the applicable MS/MS "root" molecular structure and indeed the process begins with analysis of the fragments and works back to a root structure. Further than this, the root structures for signals at m/z 1567 and 1639 are found to be consistent with each other (1567 is contained within the 1639 MS/MS spectrum) and also consistent with the higher 2124 root structure that can now be constructed with a fair degree of confidence. These structures are related to each other in the "tree" of S4. In that drawing the MS/MS series for 1567 and 1639 are displayed in the left two columns, a general spectrum from 2124 downwards is displayed in the third column, and the last column collects the most intense lithium-bearing fragments. Where signal-to noise ratios allowed, the displayed species in Figure S4 .1 were the subject of the isotope analysis described above, with results listed in S2.
Also taken into consideration in the determination of the molecular tree was the prior observation of 4641Da molecules from the same preparation [2] , which now can be identified as adducts or dimers of the 2320 molecule, an assignment presented in more detail in S5. It is concluded that two or three "master" structures around m/z 2320 are the most probable source for all of the fragments in a) first pass MALDI with three different matrices (CHCA, SA and DHB); b) MS/MS of the three peaks with sufficient amplitude for second pass analysis and c) the components of the 4641Da cluster of peaks. The candidate "master" structures are, in the notation (i,j,k) = (Gly, GlyOH, Structures are presented in S5 for each of these. 2320 and 2364 have 32 amino acid residues while 2124 has 30. An additional 34 amino acid structure at 2402 is also proposed in S5, to fit two peaks within the 4641Da cluster. The chain lengths in each anti-parallel configuration are therefore 16 residues for 2320 and 2364, 15 residues for 2124 and 17 residues for 2402. As discussed herein the glycine residues are subject to varying degrees of hydroxylation, but the more constant parameter is the number of glycines per side. We propose calling the 16residue entity Hemolithin16, and the 15 or 17-residue entities Hemolithins 15 or 17. Molecular modeling of the 2320 entity using Spartan software [11] with the MMFF force field [12] is shown in Figure 7 . 
DISCUSSION
Progress toward this structure has only been possible due to higher signal-to-noise data that allowed us to quantify the number of iron and lithium atoms associated with a mass spectrum peak, via their satellite amplitudes in the (-1) or (-2) positions relative to the intensity of the (0) and (+1) peaks. A program was written (S1) to include all the stable isotopes of H, Li, C, N, O and Fe and calculate the full isotope spectrum for any trial compound containing them. Complex isotope spectra could be fitted to within a few percent in many cases, data summarized in S2. Starting with the clear presence of polymers of glycine and hydroxy-glycine both in the present lower m/z spectra and in the prior results [1, 2] , and adding the newly-determined numbers of iron and/or lithium, it was found that only additional oxygen atoms, sometimes in large numbers, were needed to match an unknown m/z peak. The details of the smaller fragments in the 1567 MS/MS spectra (S3) enabled us to piece together the FeO3Fe motif so prevalent throughout the data. Trial structures were simulated using the "Spartan" software from Wavefunction [11, 12] in MMFF and at higher levels. The glycine strands gave a lower energy when connected by hydrogen bonds in antiparallel, as opposed to parallel, helping to decide a structural issue that was not apparent from the mass spectra. In a conceptual breakthrough iron, with its five valence bonds radiating outward, was considered for the role of terminating the strands, with a peptide 'C' terminus and an 'N' terminus joining onto one iron atom. The remaining three valencies could carry oxygen atoms that themselves bonded to a second iron atom. Such configurations when modeled in MMFF were extremely quick to converge, remaining exactly straight when iron closed out each end of the polymer. The straight 2320 molecule is shown in space-filling format in Figure 7 (top) and schematically in Figure 7 (center and bottom). Its length is 7nm.
In a review of the known binding geometries for iron within proteins such as hemoglobin or hemerythrin, this new motif was not found. Its overwhelming simplicity and the new association with beta sheet proteins make its future study very important.
In agreement with two prior MALDI studies of polymer amide in meteorites [1, 2] the spectral peaks had higher (1,2,3 etc.) satellite intensities than would be calculated for the same structures using only terrestrial isotope values. In fact, from fitting the spectra, the average enhancement of 2 H above terrestrial was found to be 25,700%0, with a standard deviation of 3,500%0, n=15 (S2). This may also be expressed as a ratio D/H = (4.1 ± 0.5)x 10 -3 . It was not found necessary to vary Li, C, O or Fe isotope ratios away from terrestrial in order to fit the data. Only 15 N is known to be raised in this same Acfer 086 meteorite sample [9] , by a completely different technique, and its enhancement value of 1,015 ± 220 %0 was incorporated as a baseline. The 2 H enhancement quoted here is calculated with this 15 N enhancement as a preset condition of the fit to data. If desired, the 15 N value can be changed in the future with predictable effect on the 2 H determination. If we consider only polymer glycine with its H:N ratio of 3:1, a change to N(%0) of -1,000 would be equivalent to a change to H(%0) of +7,700, approximately, in the fit to data.
Such high 2 H (D) enhancements are well documented in molecular clouds [13] where lowtemperature isotopic selection has operated for timespans of more than 10 million years. D/H fractions in simple molecules within the clouds are generally in the region of 0.01 to 0.1, to be compared with terrestrial D/H = 1.55x10 -4 . Our measured average enhancement of 25,700%0 is equivalent to a D/H ratio of 0.0041, which would be consistent with an interstellar origin for the hemolithin molecule. We have estimated [14] that simple amino acids should be able to slowly polymerize in the conditions of "warm dense molecular clouds", without necessarily requiring surfaces for the reaction. Furthermore, the elements H, Li, C, N, O and Fe comprising this molecule were initially the most abundant when the first massive stars released them about 13B years ago.
Deuterium is also enriched in molecules of the proto-planetary disc. Aikawa and Herbst [15] have applied complete molecular cloud chemistry models to the disc and one of their predictions relates to the amount of DCN/HCN enrichment expected at 30AU radius, which is the likely region for the origin of comets. There they found that DCN/HCN converged in calculations to a value of 0.004, only slightly larger than the ratio measured in comet Hale-Bopp [16, 17] of (2.3±0.4)x10 -3 . The D/H ratio of 0.0041 that we find in polymer amide is therefore consistent with both calculated and measured DCN/HCN ratios for comets and outer solar system material. Further to this, the 15 N enhancement that we measured by a different technique is also consistent with cometary values [9] . Despite this consistency, the presumed source of CV3 class meteorites containing hemolithin is a parent body in the asteroid belt that is only between 2.2 and 3.3AU from the sun.
High deuterium enhancement, comparable to the present readings, has been found in ultracarbonaceous micro-meteorites from Antarctic snow [18] . The method of detection was secondary ion mass spectrometry (SIMS). There was no sign of these particles having experienced high temperature and because found in snow, rather than ice, there was less chance of aqueous alteration. The highest D/H reading was (4.6±0.5)x10 -3 , comparable to our present average of (4.1 ± 0.5)x10 -3 for the meteoritic protein. The polyglycine chains of the present work have C/H = 0.66, which is rather lower than reported in [18] where C/H ratios were generally greater than 1 and indeed the organic carrier of the deuterium was not identified. In [18] the presence of crystalline silicates as opposed to amorphous silicates in small inclusions was cited as evidence in favor of a protoplanetary rather than an interstellar origin, although different ultimate origins could have applied to the organic and mineral regions. As in the present work there was minimal processing before measurement, which could be important in the determination of deuterium.
It appears that three common variants of Hemolithin with chain lengths 15, 16 and 17 may co-exist. If this molecular type grows spontaneously when its glycine, Fe, O, Li and H components are present together in a particular environment then it is difficult to imagine such a tight length distribution being the result. A function yet to be identified could determine the length and maintain such a tight distribution. If successful in that function, energy could be harvested, which is a thermodynamic requirement [19] , to aid in the creation of molecular copies of identical length.
Although not directly related to the present finding, polymers of up to 16 glycine residues have been catalytically assembled on a TiO2 surface [21] , out of the gas phase. The distribution of polymers was "diffusion-like" with a maximum intensity in mass spectrometry at around 5 glycine residues in length. In [21] there also was evidence of a degree of beta sheet organization after hydration. In our own work the possibility of "in vitro" glycine polymerization can be discounted because: a) The distribution of polymer lengths in the "master" structures is very tight around 16 residues, b) Extended polymer amide -C-C-N-backbone chains existed within the intact dry meteorite prior to solvent extraction as evidenced by the exact 2:1 ratio of CN to C2 negative ions in focused ion beam (FIB) SIMS milling [9] , associated with high 15 N levels in the CN ions. c) The solvent extraction time was only 24 hours at room temperature (approximately 293K), whereas 403K had been used in the surface-catalyzed case [21] . d) Terrestrial contamination glycine was not involved because of the very high extraterrestrial D/H ratios.
The FeO3Fe motif at the ends of hemolithin has been studied in relation to the photo-induced splitting of water [20] on hematite surfaces, pointing to a direction for further investigation. As a footnote, the outdated assignments in Table 2 are explained by the mass equivalence of (2 x alanine + t=18) to FeO3Fe, each having mass 160, and similar items. In the prior work [1, 2] the signal-to-noise ratios were too low to identify Fe and Li via their light isotopes, although Li was deduced to be present simply via its dominant mass 7 isotope [2] .
CONCLUSIONS
One-step room temperature solvent extraction from micron scale particles of the meteorite Acfer 086 (class CV3), has yielded via MALDI mass spectrometry a relatively simple spectrum in the m/z range 1-2,400 that is dominated by a single protein type. This is composed of anti-parallel beta strands of glycine, each of 15 to 17 -residue length, with about 20% oxidation to hydroxy-glycine, and termination at each end with an iron atom directly bonded to C and N terminals of the peptide strands. There are additional tri-oxygen/iron groups at each end, and lithium adducts. The principal indicator of extra-terrestrial origin is an extreme raised D/H ratio that is revealed by close quantitative fitting of isotopic satellite peaks. The average molecular deuterium excess above terrestrial is (25,700 ± 3,500)%0, or a D/H ratio of (4.1 ± 0.5) x10 -3 , comparable to cometary levels, interstellar levels and also equal to the highest prior report in micro-meteorites. The iron oxide grouping at the tips of the molecule is of a type studied in other contexts for the photo-splitting of water.
Supplementary Information
S 1. Theory of isotopic satellites
The less commonly observed (-1) and (-2) satellites to a principal m/z peak are used to find the number of iron and lithium atoms in any given m/z fragment of the protein under study.
Conventional amino acid polymers that only contain H, C, N, O and S atoms, all display "heavy isotope" peaks to the higher mass side of the principal peak giving predictable (+1), (+2) etc. amplitudes once the composition of a molecule is known. The "light" iron and lithium satellites to the low mass side of a peak fortunately differ from each other, with 54 Fe being at (-2) and 6 Li at (-1). The (-1) and (-2) amplitudes are therefore clear indicators of iron and lithium content, although there are higher order interactions that have to be included in the fitting. The object here is to test the fidelity of a satellite spectrum against the terrestrial expectation and if necessary adjust iron, lithium and one or more of the heavy isotope ratios (particularly 2 H) to trial extra-terrestrial levels until a spectrum is accurately reproduced. In this section the mechanism for this calculation is described.
We start with terrestrial heavy isotope fractions ( We first illustrate the calculation of isotope probabilities with reference to 1 H and 2 H and then extend to the full array. In a molecule with n hydrogen ( 1 H + 2 H) atoms in its formula we calculate the probability of obtaining k 2 H atoms from the binomial distribution as where is the probability of a heavy isotope substitution. For example, if the ratio of heavy to light isotopes is then = 1.5574 x 10 -4 for the terrestrial hydrogen standard. Similar considerations lead to values for pC, pN, pO, pF54, pF57 and pL6 denoted in general by pX in Table S1 .1.
We illustrate the calculation with a terrestrial matrix cluster [7] at m/z=861 that is frequently observed in MALDI spectra with matrix CHCA. The 861 molecule is due to (M4KNa3 -3H) in which M is the CHCA molecule of mass 189.043 with formula M = C10H7NO3. We will calculate its isotope satellites and compare them with the observed matrix cluster Figure S1 .1, detail from [1] , Fig. 2 ) which has isotopic (Dm = +1 and Dm = +2) satellites of amplitude 47% and 17% relative to the main peak.
The composition of the '861' cluster is H25C40N4O12K1Na3. Of these constituents only 23 Na is naturally mono-isotopic. In the following table its heavy isotope probability is zero. Entries in the table are obtained from the binomial distribution above for k = 0,1,2,3 heavy substitutions in the n atoms of the species concerned, with n=25 for hydrogen, etc. S1.1. Matrix cluster peaks at m/z 855, 861 and 877 reproduced from [1], Fig. 2 .
The isotope ratios are presumed uncorrelated, so the probability of having zero mass addition is the product of the individual PX(0) terms: Similarly, the possible combinations that give Dm = +2 sum to give S P(2) = 0.113 and the Dm = +3 sum is S P(3) = 0.033. By now, we have accounted for 0.98 of the collective isotope amplitude, with the remaining 0.02 assigned to Dm = +4 and higher species. The total of probabilities should sum to unity, when correctly carried to completion.
Continuing with our terrestrial example at m/z 861 we normalize the Dm = 0 peak to 100%, as listed in Table S1 .2. In the calculated satellites of the 861 matrix peak there is good agreement with the Dm = +1 and Dm = +2 measured intensities but the Dm = +3 location appears to also carry another peak that obscures the true reading. We handle the complexity of the present calculations via a new computer program that inputs a trial molecular composition and trial values for the isotope ratios, whether heavy or light. The output comprises peak amplitudes from (-6) to (+6) that can then be compared with data. We found that it was efficient to start the comparison with a trial 2 H enhancement of 25,000%0, on top of the preset 15 N enhancement of 1,015%0 discussed in the main text.
Depending upon the closeness of the fit the 2 H enhancement was adjusted in increments of ± 2,500%0 until the various satellite peaks were collectively fitted. If the (-2) and (-1) peaks did not clearly indicate a number of iron or lithium atoms, either the formula under test was adjusted, or the fitting attempt was abandoned for that peak because of inadequate signalto-noise ratio. After a formula adjustment the whole set of satellites has to be fitted again because of the numerous "knock-on" effects from one satellite to another.
S2. Data Compilation. The 1567 peak that appeared prominently in the full spectrum (Figure 3 , main paper) contained upon MS/MS analysis more than 29 peaks at signal-to-noise ratio between 3 and 35, as shown in Figures S3.1 and S3. 2. The highest intensity peaks were analyzed to yield the 27 structures of fragments consistent with an origin in the 1567 molecule that are listed in Table S3 .1. Peaks with signal-to-noise greater than 20 were subject to isotope analysis. The remaining peaks were constructed to fit the observed mass while remaining consistent with the master 1567 structure given at the top of Table S3 .1 .
There is support in this MS/MS analysis for many of the fundamental features of hemolithin: a) polymers of glycine and hydroxy-glycine appear throughout, often attached to iron atoms, but also on their own in the mass range from 531 to 677. b) many oxygen atoms are contained in hemolithin, in three "reservoirs": R1 as part of each peptide residue at the carbonyl group -relatively stable; R2 as part of hydroxy-glycine, which is marginally stable; R3 as part of the two-atom iron complex which, again, is relatively stable. c) A residue count of 22 exists in 1567, but the 1080 and 1009 fragments suggest a peptide chain length of 15 residues between iron atoms. The 1080 fragment definitely has two Fe atoms according to its isotope analysis. 
S3.2 Additional chain length information
The main spectra with matrix CHCA carried an intense series of peaks in the 1000 < m/z < 1100 range, corresponding to peaks that have been reported previously [1] at a much poorer signal-to-noise ratio. A view of this range is presented in Figure S3 .3. The 2 H enhancement of 15,000%0 was the lowest one in our observations, we believe because of a background rate of 1 H / 2 H substitution during this relatively long extraction in an aqueous system at room temperature.
In contrast, a 15-unit chain is suggested by the fragmentation of parent ion at m/z 2069 into the two most prominent peaks in phase P2, matrix SA, at 1027 and 1043. Each peak has intensity close to 200,000 and S/N = 111 and 114 respectively. The proposed fragmentation is illustrated in Figure S3 Lastly, a 16-unit chain is strongly suggested by the observation [2] of a monomer and dimers of 2320, described in S5.
In conclusion, there is evidence in the data for 15,16 and 17 residue glycine chains. In most cases several residues within any of these chains have been converted in a prior oxidizing environment to GlyOH.
S5. The 4641Da polymer peaks revisited.
The entities of chain length 16 Gly at 2320, 2364 and a 17Gly type at mass 2402 can explain the previously observed [2] high intensity complex of polymer amide peaks in the region of 4641Da ( Figure S5.1) . This complex was observed both in Acfer 086 and Allende. Not considering matrix adducts or clusters above 5,000Da we list in Table S5 .1 the principal intense peaks from that data set [2] , together with their new assignments. All the peaks are directly related to proposed 2320, 2364 and 2402 molecules. In the present series 2320 was not observed but its existence was derived from: a) the (2320 -Li) observation in Table S5 .1, and b) the exact dimer mass of 2 x 2320 that was the highest peak in the 4641Da complex. Higher mass clusters in multiples of 4641Da were also observed [2] , suggesting that 2320 is being rapidly removed by dimer formation and complexing.
The proposed structures of 2124, 2320, 2364 and 2402 are shown below in Figure S5 .2. The 2320 and 2364 molecules have in common a 16-residue per side anti-parallel chain but 2364 has an additional degree of oxidation to contain 4 hydroxy-glycines per side as opposed to 3 in 2320. Apart from this there is an additional 'OH' and one Li replaced by H. One of the 5H in 2364 is not drawn, as it is presumed to be a mass spectrometry adduct.
The 2402 molecule is based upon a 17Gly chain, with less oxidation than 2320 but otherwise similar end groups. It is present at 13% of the 2320 level. 
